A number of yeasts of the genus Candida translate the standard leucine-CUG codon as serine. This unique genetic code change is the only known alteration to the universal genetic code in cytoplasmic mRNAs, of either eukaryotes or prokaryotes, which involves reassignment of a sense codon. Translation of CUG as serine in these species is mediated by a novel serinetRNA (ser-tRNA CAG ), which uniquely has a guanosine at position 33, 5Ј to the anticodon, a position that is almost invariably occupied by a pyrimidine (uridine in general) in all other tRNAs. We propose that G-33 has two important functions: lowering the decoding efficiency of the ser-tRNA CAG and preventing binding of the leucyl-tRNA synthetase. This implicates this nucleotide as a key player in the evolutionary reassignment of the CUG codon. In addition, the novel sertRNA CAG has 1-methylguanosine (m 1 G-37) at position 37, 3Ј to the anticodon, which is characteristic of leucine, but not serine tRNAs. Remarkably, m 1 G-37 causes leucylation of the ser-tRNA CAG both in vitro and in vivo, making the CUG codon an ambiguous codon: the polysemous codon. This indicates that some Candida species tolerate ambiguous decoding and suggests either that (i) the genetic code change has not yet been fully established and is evolving at different rates in different Candida species; or (ii) CUG ambiguity is advantageous and represents the final stage of the reassignment. We propose that such dual specificity indicates that reassignment of the CUG codon evolved through a mechanism that required codon ambiguity and that ambiguous decoding evolved to generate genetic diversity and allow for rapid adaptation to environmental challenges.
Introduction
The discovery that the same genetic code is used in viruses, bacteria and mammals prompted Crick (1968) to propose that the evolution of alternative genetic codes would not be possible because they would be lethal. The genetic code was thought to be universal. This so-called 'frozen accident theory' is appealing because biological data obtained to date suggest that all forms of life evolved from a common ancestor, i.e. from a single genetic code, and genetic code changes are potentially catastrophic as they would give rise to 'mutations' in most, if not all, proteins of an organism. The discovery of non-standard genetic codes in mitochondria, bacteria and lower eukaryotes (reviewed in Osawa et al., 1992) would thus appear to invalidate both the concept of universality and the frozen accident theory.
With the exception of plants, mitochondrial genetic codes seem to be particularly prone to change (reviewed by Osawa, 1995) . For example, in the mitochondria of most organisms, the standard UGA stop codon codes for tryptophan, while the isoleucine-AUA codon codes for methionine (Fig. 1 ). In the mitochondrial genomes of platyhelminths and echinoderms, the standard AAA-lys codon has been reassigned to asparagine. Among all mitochondrial reassignments, the arginine AGA /G codon pair is particularly interesting, because it codes for different amino acids in different organisms. For example, AGA /G codes for termination in vertebrates, glycine in tunicates and serine in arthropods, echinoderms, molluscs, nematodes and platyhelminths. Also interesting in this context is the yeast (Saccharomyces cerevisiae) mitochondrial genetic code in which UGA codes for tryptophan, AUA codes for methionine and not isoleucine, and the entire standard leucine-CUN codon family codes for threonine (Fig. 1) . In bacteria, genetic code changes have been found in Micrococcus, Mycoplasma and Spiroplasma.
These genetic code changes involve reassignment of the UGA stop codon to tryptophan in Mycoplasma and Spiroplasma and the apparent non-assignment of the CGG arginine codon in Mycoplasma. In Micrococcus, the arginine AGA and the isoleucine AUA codons also appear to be unassigned, that is they do not appear to code for any amino acid. In eukaryotes, the UAG/A and UGA codons have been reassigned to glutamine and cysteine in ciliates, acetabularia and euplots respectively (reviewed by Osawa, 1995) , while the CUG codon has been reassigned to serine (Fig. 1 ) in some species of the genus Candida (Kawaguchi et al., 1989; Ohama et al., 1993; Santos et al., 1993; Ueda et al., 1994; Santos and Tuite, 1995; Sugiyama et al., 1995) .
If one considers that only a very few of the millions of different species of organisms on our planet have been studied, this rather wide spectrum of genetic code changes raises several important questions. How widespread are non-standard genetic codes in nature? By what mechanism do they arise? Why have they evolved? In this paper, we will address the last two questions in the context of CUG reassignment in Candida spp. Other genetic code changes have already been reviewed extensively in Jukes and Osawa, 1993; Osawa, 1995) and will not be discussed here.
CUG codon reassignment in Candida species
CUG codon reassignment appears to be restricted to a monophyletic group of Candida species (Fig. 2) . Data obtained to date suggest that reassignment of the CUG codon in these species evolved through a misreading mechanism (see below). Such a mechanism is particularly puzzling because molecular phylogeny data indicate that this genetic code change occurred between 100 and 150 million years ago (Pesole et al., 1995) , a time-scale that implies that the codon change must have occurred in a Candida ancestor with a relatively sophisticated genome encoding thousands of genes. Therefore, the impact of codon reassignment on the physiology and evolution of these Candida species should have been dramatic. We argue that such genetic code changes are driven by selection using a mechanism that requires codon ambiguity. We also introduce and discuss the notion that CUG ambiguity might be regulated and thus represents a novel mechanism for creating genetic variability and increasing the organism's potential for adaptation to new ecological niches. have not yet been studied. The phylogenetic tree was extracted from the Ribosome Database Project (Maidak et al., 1996) at http: / /rdp.life.uiuc.edu.
Serine-CUG translation: a neutral or a selection driven genetic code change?
Two different theories have been put forward to explain the evolution of genetic code changes: the 'codon capture theory' and the 'ambiguous intermediate theory' (Schultz and Yarus, 1994; Yarus and Schultz, 1997 (Schultz and Yarus, 1994; Yarus and Schultz, 1997) was developed from an initial observation that 10 out of the 18 known codon reassignments involve single nucleotide changes at either the first or the third codon position and that naturally occurring tRNAs are able to misread the reassigned codons. The theory postulates that tRNA species that misread nearcognate codons can gradually 'capture' them from their cognate tRNAs or release factors in a gradual process driven by selection. This theory implies that, in any codon reassignment, an intermediary step is required in which a codon codes either for two different amino acids or for an amino acid and translation termination, i.e. such a codon being an ambiguous intermediate codon. This theory assumes that codon ambiguity is not lethal and, consequently, codons do not have to disappear from the genome before their reassignment.
Translation of the CUG codon in some Candida species is mediated by a novel tRNA whose aminoacylation and decoding properties indicate that it is an ambiguous decoder, i.e. it can decode CUG as either leucine or serine (see below). This observation would be consistent with the 'ambiguous intermediate theory' rather than the neutral 'codon capture theory'. However, fluctuations in genome GþC pressure might also have played an important role in the reassignment by lowering the frequency with which the CUG codon was used. In other words, under strong AþT pressure, the leucine UUG/UUA and CUU codons might have become used more frequently than CUG. That some Candida species in which CUG has been reassigned have genomes with low GþC content, e.g., C. albicans has 36% GþC, and use UUG/A as the preferred leucine codons, supports this view. Furthermore, low usage of the CUG codon in mRNAs would have been important to minimize the deleterious effect of ambiguous decoding. Thus, the lower the frequency of CUG codons in mRNAs, the less detrimental would ambiguity and reassignment of the CUG codon have been. Reassignment of a limited number of codons, i.e. the maximum number of codons that does not cause lethality, solves the problem of codon elimination from the genome. This view is consistent with the fact that GþC content is not evenly distributed in eukaryotic genomes. For example, analysis of the distribution of GþC content in the recently sequenced S. cerevisiae genome revealed regions of both high and low GþC content (Sharp and Lloyd, 1993; Sharp and Matassi, 1994) . This intrachromosomal and interchromosomal mosaic distribution pattern of GþC content makes it very unlikely that specific codons could be eliminated from eukaryotic genomes as a result of GþC or AþT pressure alone.
Novel tRNAs with dual identity and low decoding efficiency translate the CUG codon in Candida spp
One of the most intriguing aspects of serine-CUG translation in Candida spp. is the requirement of ser-tRNAs with guanosine at position 33 (Fig. 3A) , a position that is almost invariably occupied by a pyrimidine or, more specifically, a uridine in all other tRNAs (Fig. 3B ). U-33 is critical for the correct turn of the phosphate backbone and stacking of the anticodon bases (Ladner et al., 1975; Woo et al., 1980) and, therefore, replacement of the conserved uridine by guanosine in these ser-tRNAs is unexpected.
Alignment of the ser-tRNAs that translate the CUG codon from various Candida species shows that nucleotide variation accumulates at the top of the anticodon stem and at the base of the acceptor stem ( Fig. 3C and  D) . Considering that eukaryotic leu-tRNA isoacceptors that decode the CUG codon as leucine in different organisms have semi-conserved anticodon stems (Steinberg et al., 1993) and that mutations at the top of the anticodon stem of glu-tRNAs reduce decoding accuracy (Schultz and Yarus, 1994) , a divergent anticodon stem in the Candida spp. ser-tRNA CAG would appear to be yet another structural novelty of these tRNAs.
The molecular mechanism of CUG reassignment
The presence of guanosine at position 33 in the sertRNA CAG from Candida spp. has prompted investigation of its role in the evolution of this genetic code change (Santos et al., 1996; Suzuki et al., 1997) . These studies have shown that G-33 plays an important role in the reassignment mechanism for two main reasons: it lowers the decoding efficiency of the ser-tRNA CAG and minimizes mischarging of the ser-tRNA CAG with leucine. The fact that G-33 acts by reducing both CUG decoding and leucylation efficiencies of the ser-tRNA CAG suggests a mechanism by which G-33 may have acquired two functions in a process of gradual reassignment as follows:
Step 1
During the early stages of the reassignment, the newly created ser-tRNA CAG would have competed for the CUG codon with the endogenous cognate leu-tRNA. At this stage, G-33 would have been important in lowering the decoding efficiency of this new tRNA whose presence would otherwise have been lethal. Such a scenario, in which CUG ambiguity was established through low-level serine decoding, which is absolutely critical to minimize the deleterious effect of serine misincorporation, set the stage for the gradual reassignment of the CUG codon. In line with the 'ambiguous intermediate theory', as the reassignment progressed, the levels of serine incorporated at CUG codons would have increased, while the levels of leucine incorporation would have decreased until the gene(s) for the leu-tRNA, which decoded the CUG codon, disappeared from the genome. This hypothesis is supported by the fact that expression in S. cerevisiae of the U-33 mutant of the C. albicans ser-tRNA CAG is lethal, while expression of the G-33 wild-type tRNA is not (Santos et al., 1996) .
Step 2
The second function of G-33 in the reassignment mechanism, i.e. decreasing leucylation efficiency of the sertRNA CAG , should be considered from two distinct perspectives according to the evolution of the sertRNA CAG from either a leu-tRNA or a ser-tRNA ancestor. (i) If the ser-tRNA CAG evolved from a leu-tRNA ancestor, then G-33, by acting as a leucine identity anti-determinant, should have prevented recognition and efficient charging of the ser-tRNA CAG ancestor by the LeuRS. Such an 'unassigned' tRNA would be free for capture by the SerRS in a gradual process that required additional mutations to improve serylation efficiency (Fig. 4A) . That ser-tRNA and leu-tRNAs are structurally very similar and that a single mutation of A-73 to G-73 is sufficient to change the identity of leu-tRNA into a ser-tRNA (Breitschopf and Gross, 1994) gives weight to such an hypothesis because of its minimalist number of mutations required for capture of the ser-tRNA CAG ancestor by the SerRS. Such a pathway of reassignment suggests that the ser-tRNA CAG was ambiguous from the starting point of the reassignment pathway because leu-tRNAs have m 1 G-37, which has been shown to be critical for leucylation of the sertRNA CAG (Suzuki et al., 1997) . This hypothesis predicts that the C. cylindracea ser-tRNA CAG is 'more evolved' than the other Candida spp. ser-tRNA CAG because it has A-37 instead of m 1 G-37 and consequently is not leucylated (Suzuki et al., 1997) . That is, the CUG codon in C. cylindracea is no longer an ambiguous codon but codes for serine, in contrast to what happens in the other Candida species in which the CUG codon is still ambiguous owing to the presence of m 1 G-37 in their ser-tRNA CAG s.
(ii) The alternative scenario is that the ser-tRNA CAG evolved from a ser-tRNA and not a leu-tRNA. If so, it is likely that the anticodon sequence, 5Ј-G-33-C-34-A-35-G-36-3Ј, of the ser-tRNA CAG was created in a single step resulting from altered splicing of the intron of a ser-tRNA IGA (Yokogawa et al., 1992; Ueda et al., 1994) . That the ser-tRNA CAG shows a higher degree of nucleotide identity to ser-than leu-tRNAs (Fig. 4C ) supports this hypothesis. Considering that ser-tRNAs have A-37 and not m 1 G-37, evolution of the ser-tRNA CAG from a ser-tRNA ancestor suggests that the dual specificity of the ser-tRNA CAG is a late acquisition in the evolutionary pathway of CUG reassignment (Fig. 4B) . That is, altered splicing of the ser-tRNA IGA intron created a novel sertRNA with a leucine 5Ј-CAG-3Ј anticodon, which was charged with serine only. That replacement of m 1 G-37 by A-37 in the C. zeylanoides ser-tRNA CAG abolishes leucylation and that the C. cylindracea ser-tRNA CAG is not mischarged with leucine supports this hypothesis (Suzuki et al., 1997) . Therefore, mischarging of the ser-tRNA CAG with leucine requires an additional mutation of A-37 that is characteristic of ser-tRNAs to m 1 G-37, which is characteristic of leu-tRNAs (Fig. 4B) . If CUG reassignment evolved through such a mechanism, then CUG ambiguity must introduce some evolutionary advantage to these cells and represents the final step in reassignment.
Biological and evolutionary significance of the polysemous codon
One of the most remarkable characteristics of the sertRNA CAG from the Candida spp. that have reassigned the CUG codon is their dual identity, being recognized and charged by both the SerRS and the LeuRS in vitro (Tuite et al., 1986; Santos, 1992; Suzuki et al., 1997) and in vivo (Suzuki et al., 1997) . The C. zeylanoides ser-tRNA CAG is mischarged in vivo with leucine up to 3% and over 30% in vitro with partially pure LeuRS (Suzuki . The broken arrows indicate that intermediary mutation might be required to improve aminoacylation efficiency, if the ser-tRNA CAG evolved from a leu-tRNA (A), or decoding efficiency, if the ser-tRNA CAG evolved from a ser-tRNA (B). The evolutionary pathways indicate how CUG ambiguity can be created and/or abolished, depending on the evolution of the ser-tRNA CAG from a leucine or a serine tRNA (see text for details). C. Phylogenetic tree showing the close relationship between the various ser-tRNA CAG and serine tRNAs, in particular the C. cylindracea ser-tRNA TGA . Cylind, C. cylindracea ; Cerev, S. cerevisiae. The phylogenetic tree was constructed using the PILEUP program from the GCG software package. The C. rugosa ser-tRNA CAG shows a higher degree of homology to leucine-tRNAs than any other ser-tRNA CAG , suggesting that it might be the ancestor of all ser-tRNA CAG .
et al. , 1997) . The replacement of the anticodon loop of the C. zeylanoides ser-tRNA CAG showed that the novel charging properties result from recognition of m 1 G-37 by the LeuRS. The fact that the CUG codon codes for both serine and leucine in some Candida species, while in C. cylindracea it codes for serine only, raises the interesting possibility that this genetic code reassignment has been fully established in C. cylindracea, whereas it is still evolving in the other Candida species. However, one must also consider an alternative scenario in which CUG ambiguity is not an intermediary step, but rather the final step in the evolution of the reassignment (Fig. 4A and B) . If so, one is faced with the intriguing possibility that CUG ambiguity creates a selective advantage that allowed for its selection. This is exactly the opposite of what would be expected for any translational misreading phenomenon, because low-fidelity translation is bound to introduce alterations in protein sequence and therefore reduce the fitness of the organism with respect to viability and reproduction. Therefore, if CUG ambiguity represents the final stage in the evolution of reassignment, then a molecular mechanism would have to exist to prevent its negative impact on the fitness of the organism while allowing for whatever positive advantage it brings to be expressed. How could that be achieved?
In any organism, low-fidelity DNA replication, transcription and translation is bound to have a negative impact on cell physiology and therefore decrease the organism's fitness. Not surprisingly, information storage and transfer systems are, without exception, highly accurate. For example, in bacteria, translation error rates are estimated at 10 ¹4 to 10 ¹5 per codon translated (Yarus, 1979; Kurland, 1992) . Aminoacylation errors caused by tRNA misrecognition are significantly lower, being of the order of < 10
¹7
, whereas errors resulting from amino acid misactivation at 5 × 10 ¹5 are similar to the overall error rate of translation (Arnez and Moras, 1994) . Considering that, in C. zeylanoides, and probably in other Candida species too, 3% of the ser-tRNA CAG is charged with leucine (giving a relative increase of three orders of magnitude in amino acid misactivation levels), then one would expect that such a relatively high level of mischarging, and consequently misincorporation, of leucine at serine-CUG codons should have a major negative impact on fitness.
Expression of the C. albicans ser-tRNA CAG and constructed N-33 mutants in S. cerevisiae induced the stress response and resistance to heat killing, indicating that, at least under stress conditions, cells transformed with the ser-tRNA CAG survive better than non-transformed cells (Santos et al., 1996 ). Furthermore, low-level leu-CUG decoding might allow reversion of certain lethal or detrimental mutations. This has been demonstrated in C. maltosa, which also translates the CUG codon as serine (Suzuki et al., 1997) , by expressing the S. cerevisiae URA3 gene, which encodes orotidine 5Ј-monophosphate decarboxylase (ODCase), an enzyme that is required for the synthesis of uracil. The S. cerevisiae URA3 gene has a CUG codon at position 45, and translation of this codon as serine inactivates the enzyme creating uracil auxotrophy. However, when the S. cerevisiae URA3 gene was transformed into C. maltosa, it allowed for limited but significant growth on minimal medium lacking uracil, showing that low-level leu-CUG decoding was sufficient to maintain viability (Suzuki et al., 1997) . That translational misreading can revert ilvD, lac and trpA mutations in E. coli (Murgola, 1985; Thorbjarnardottir et al., 1985) and his2-1, trp5-18, trp5-67 and ilv1-83 in S. cerevisiae (Sherman, 1982 ) lends weight to the hypothesis that translational misreading can be beneficial or even critical for survival in certain genetic backgrounds or in certain physiological conditions.
Regulated codon ambiguity: a novel posttranscriptional mechanism?
Another aspect of CUG translation ambiguity is its potential for regulation, because accurate aminoacylation of tRNAs depends on a correct balance between the concentration of tRNAs and synthetases. By manipulating expression levels of the LeuRS and SerRS, Candida species might be able to alter the relative cellular levels of the two synthetases present in the cell and, thus, the level of leucine mischarging can be altered, allowing for increased or decreased levels of synthesis of mutant proteins by dual decoding. This aspect of CUG ambiguity is important, because it provides a molecular mechanism for preserving the potential positive advantages, while reducing or even preventing the risk of elimination of the species because of reduced fitness (see above). This raises the question of whether or not C. albicans and the other Candida species can undergo periods of translational chaos followed by improved accuracy?
Conclusions
In the past few years, one of the most widely accepted dogmas of molecular biology, the universality of the genetic code, has been proved to be unsubstantiated. It is remarkable that several alterations to the standard genetic code have already been found in prokaryotes and eukaryotes. Therefore, the question of how many non-standard genetic codes are present in nature is an important one, because it has implications not only for our understanding of the evolution of the genetic code, but also for genetic engineering and biotechnology. That some genetic code changes might have evolved through neutral mechanisms suggests major fluctuations in genome GþC content, and it is likely that such high GþC or AþT pressures have an impact on the evolution of the species that are subjected to them. More importantly, the possibility that genetic code changes are not neutral but driven by selection using molecular mechanisms that require codon ambiguity suggests that genetic code changes have a major impact on cell physiology, and it is likely that they provide a higher potential for adaptation.
